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Two copies of native trnK (UUU) gene are encoded on the sunflower mitochondrial DNA. They lie within two 12-kb direct repeats,
presumably generated by a duplication event. During an investigation aimed at detecting DNA regions activating the trnK1 and trnK2 genes, three
distinct promoters have been identified. Their locations were deduced using standard procedures (RT-PCR, RNA capping and 5′RACE) usually
employed for the detection of transcription initiation sites (TISs). Promoters P3 and P2 control two independent partially overlapping transcription
units containing the trnK2 and ccb206 genes, respectively. Promoter P1 has been mapped about 5200 bp upstream of the trnK1 gene which is part
of a transcription unit also containing exons c, d and e of the nad2 gene, 5′ to the tRNA gene. Most probably this promoter is not alone in
controlling this transcription unit because this DNA region could be cotranscribed, at least partially, starting from other two promoters located
upstream of the trnC and trnN genes, respectively. These genes have been previously mapped in a 5′ region adjacent to the cluster containing nad2
exons c, d and e and the trnK1 gene. The comparative analysis of promoters P3 and P1 suggests that the difference between them could be related
to the duplication event generating the second copy of trnK gene. The availability of a high number of new promoters belonging to dicot
mitochondrial genomes makes possible to note some of their specific features.
© 2006 Elsevier B.V. All rights reserved.Keywords: Higher plant; tRNA gene; Mitochondrial transcription; Promoter structure1. Introduction
The plant mitochondrial genome shows an unusual
complexity in terms of organization and structure compared
to its fungal and metazoan counterparts [1]. A collection of
subgenomic circular molecules of variable dimensions
generated by recombination events between couples of direct
repeated sequences [2,3] describes its multipartite structure.
The presence of repeats, the insertion of foreign DNAAbbreviations: trnK, tRNALys (UUU); trnY, tRNATyr (GTA); ccb206,
cytochrome c biogenesis; nad2, subunit two of NADH dehydrogenase; TIS,
Transcription Initiation Site; cp, chloroplast; mt, mitochondria; RACE, rapid
amplification of cDNAs ends; PCR, polymerase chain reaction
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doi:10.1016/j.bbabio.2006.05.014(nuclear, chloroplast and viral) and other mechanisms still
unknown account for the high genetic and genomic variation
in the size and organization of higher plant mitochondrial
genomes.
These genomes encode approximately the same number of
genes (50–60) [4–9], however, the type and the gene order
[5,6,10], the transcription mechanisms, the promoter sequences
and some cis and trans activating factors also differ between the
various plant species [11]. Furthermore, the mitochondrial RNA
editing machinery can also differ from species to species as
recently shown by electroporation and DNA uptake experi-
ments [12,13].
Another factor that contributes to increasing the complex-
ity of plant mitochondrial genomes is the guidance of gene
transcription by multiple promoters. In Arabidopsis thaliana
six genes are transcribed from three or even four promoters
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same gene can also be regulated by a promoter having a
different primary structure in the same or different plant
species [14–16]. One reason seems to be due to intrage-
nomic and intergenic recombination which can influence
promoter usage [10,17]. Nevertheless, only a few promoters
have been characterized by functional studies using both site-
directed mutagenesis assays and in vitro mitochondrial
transcription systems. For plant dicot mitochondria a
conserved CRTAAGAGA (R=G or A) nonanucleotide has
been proposed as a promoter consensus involved in the
transcription initiation together with a polyA/T upstream
element [18–20]. In mitochondria of monocot plants the
promoter sequence proposed for transcription initiation is the
core YRTA (Y=T or C) [21–23].
On the mitochondrial genome of Glycine max, DNA
sequences encoding for three RNAs (RNA b, c and e) of as
yet unidentified function have been identified [24]. The
promoter activating the transcription of RNA b/c conforms to
the nonanucleotidic sequence whereas that for the RNA e shows
no such similarity. The pea mitochondrial in vitro transcription
system recognizes the Glycine heterologous promoter of RNA
b/c but not that for RNA e [18].
The promoter of the potato rrn26 gene, which does not
conform to the CRTAAGAGA, is not recognized by the pea
in vitro system suggesting that such a system is able to
recognize only promoters containing the conserved nonanu-
cleotide [18].
A large number of promoters activating the transcription
of plant mitochondrial genes has been identified. A com-
pilation of putative promoters deduced by the alignment of
the regions surrounding transcription initiation sites was
proposed some years ago [25]. The compilation revealed a
higher variability in the structures of monocot promoters
which contain a varying set of tetranucleotide motifs such as:
CRTA, TRTA, YYTA, RRTA. On the contrary the dicot
promoters revealed a highly conserved CRTA core element.
In both cases promoters containing no conserved motifs were
described.
Recently a novel CGTATATAA motif has been identified as
a promoter for at least six genes in Arabidopsis thaliana in
addition to many ATTA or RGTA core elements [14]. Despite
this finding, the number of plant mitochondrial promoters
identified for dicot species in particular is still limited.
The results described in this paper are part of a wider
investigation aimed at studying the promoter regions activating
the transcription of all tRNA cp-like genes coded on the same
mitochondrial genome.
The results of the first part of this investigation are reported
in a previous paper [29]. We proposed the hypothesis that
promoters present on the same mitochondrial genome can have
different structures which could be correlated to the length of
time a gene has belonged to the genome, certainly different for
native and cp-like genes.
Based on these considerations the detection and analysis of
promoter regions of two identical tRNA genes of native origin
were extended to the trnK gene present on the sunflowermitochondrial genome in two copies located on the same side of
12 kbp direct repeats.
2. Materials and methods
2.1. Isolation of mitochondria and mitochondrial RNA
Mitochondria were isolated from 6-day old etiolated sunflower seedlings
(Helianthus annuus L. c.v. Gloriasol). After differential centrifugation,
mitochondria were further purified through 0.6–1.8 M discontinuous sucrose
gradients [26]. Purified mitochondria were lysed in a buffer containing
100 mM Tris–HCl pH 8, 10 mM EDTA and 0.4% SDS, before RNA was
recovered by phenol–chloroform extractions, ethanol precipitation and DNase
treatment.
2.2. “In vitro” capping and RNase protection
150 μg of total mitochondrial RNA was labelled in a total volume of
20 μl containing 50 mM Tris–HCl pH 8, 1.25 mM MgCl2, 2.5 mM DTT,
80 units of RNase inhibitor (Promega), 250 μCi [α-32P] GTP (3000 Ci/mMol)
and 15 units of Guanilyltransferase (Ambion) for 45 min at 37 °C. After the
reaction, RNA was recovered by phenol–chloroform extractions and ethanol
precipitation.
32P-capping RNAs was used to hybridize DNA amplified segments
transferred onto Hybond N+ membranes in 50% Formamide, 1% SDS, 1 M
NaCl, 10% Dextrane Sulphate, for 24 h at 42 °C. The filter was washed once for
5 min in 2× SSC at room temperature and twice in 2× SSC, SDS 1% at 60 °C for
30 min. In order to remove unannealed RNA, hybridized filters were incubated
in the presence of 100 μg RNase A and 20 units of RNase T1 (Roche) in a buffer
containing 10 mM Tris–HCl pH 7.8, 5 mM EDTA, 300 mM NaCl for 2 h at
37 °C.
2.3. Southern blot analysis
DNA fragments resolved on 1% agarose gel were transferred onto Hybond
N+ (Amersham-Pharmacia) membranes, according to the manufacturer's
instructions. Hybridizations on Southern blots were performed as in Section 2.2.
2.4. RT-PCR and 5′ RACE
RT-PCR and 5′ RACE experiments were carried out using the “Superscript”
Kit (Invitrogen) and the “5′ RACE rapid amplification system” Kit (Invitrogen),
respectively, following the manufacturer's instructions. The cloning of
amplification products was performed using a TopoTA vector (Invitrogen) and
transformation by the bacteria Escherichia coli TOP10 F' (Invitrogen).
Sequencing of positive cDNA clones was performed using an ABI 377
automatic DNA sequencer (Applied Biosystem).
3. Results
3.1. Genomic location of genes coding for tRNALys
Sunflower mtDNA encodes for two copies of native trnK
(UUU) gene, conventionally defined as trnK1 and trnK2.
Within the restriction map of sunflower mtDNA [27] 12.8
and 9.8 kb SalI restriction fragments contain the trnK1 and
trnK2 genes, respectively [28].
3.2. Transcription analysis of ccb206 and trnK2 genes by
RT-PCR
Sequencing of 9.8 kb SalI restriction fragment revealed the
presence of ccb206 gene as well as that of the trnK2 gene.
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EMBL database under accession number AM183222. The
restriction map of the 9.8 kb SalI fragment digested with the
BsteII and PstI enzymes is reported in Fig. 1.
The transcription of the two genes was studied in RT-PCR
experiments using overlapping pairs of primers and total
mitochondrial RNA (Fig. 1A). Three cDNA fragments of the
expected size (a, b and c Fig. 1B) were detected indicating that
both genes and the intergenic regions are transcribed. No cDNA
fragment was observed with the pairs of primers 2-6/2-8 located
upstream of the ccb206 gene suggesting the presence of a
transcription initiation site between them (Fig. 1A–B).
In order to analyse the possible cotranscription of the ccb206
and trnK2 genes, another RT-PCR experiment was performed
using k3 and 2-5 primers but in this case no amplification
products could be detected. This result suggests that the
transcripts of each gene are independent even if, most probably,
they partially overlap.
All these observations suggest that another transcription
initiation site should be present between the two genes.
3.3. Identification of two regions containing putative
transcription initiation sites 5′ to the ccb206 and trnK2 genes
A BsteII and PstI double digest of the 9.8 kb SalI fragment
was fractionated onto agarose gel (Fig. 1C). The subfrag-
ments were transferred onto a filter (Hybond N+), hybridized
with total sunflower 32P capped RNA and RNase treated.
Two hybridization signals corresponding to subfragments
PstI-1/BsteII-1 and BsteII-1/BsteII-2 were detected (Fig. 1D),
indicating the presence within each of at least one trans-
cription initiation site.Fig. 1. RT-PCR and RNA capping analysis of the transcription of the trnK2 and ccb2
enzymes. Small arrows (→
←) indicate the position of overlapping pairs of primers us
amplification products. (C) Separation on 0.8% agarose gel of a double digest of 9
hybridization and RNase treatment of gel blot described in C with 32P capped tota
autoradiography signals. M, marker Gene ruler 1 kb DNA ladder.3.4. Identification of primary transcript 5′ ends of ccb206 and
trnK2 genes by 5′ RACE
In order to identify the TIS(s) located between the 5′ side of
ccb206 and the PstI-1 restriction site, 5′ RACE experiments
were performed. A series of three primers (2-6, 2-7 and 2-8, see
Table 1) starting from the 5′ side of the ccb206 gene and
extending up to the PstI-1 restriction site were used in reverse
transcription experiments. Only one of them (2-6) generated a
specific first-strand cDNA. Primer 2-6 and reverse transcriptase
in the presence of total sunflower mtRNAs were used for the
initiation of first-strand synthesis. A cDNA fragment of 220 bp
was generated by a first and a second nested PCRwith primers 2-
6 race 1 and 2-6 race 2, respectively (Fig. 2A–B). The PCR
product detected with the primer 2-6 race 2, was cloned and 50
clones were analysed by sequencing. For 41 out of 50 sequences
the first nucleotide (T) mapped at position 280 bp from the 5′ end
of ccb206 gene was considered to correspond, bona fide, to the
initiation transcription site of the ccb206 gene (Fig. 2C). Other
clones corresponding to shorter sequences were considered
generated by processing rather than by transcription initiation
events. In conclusion the transcription analysis of the ccb206
gene by RT-PCR, RNA capping and 5′ RACE experiments
revealed the existence of a transcript precursor starting 280 bp
upstream of the gene and terminating somewhere before of the 3′
terminus of the trnK2 gene.
In agreement with capping signals (Fig. 1D), between the
two BsteII restriction sites the 5′ end of a primary transcript was
detected by 5′ RACE using the primers 2-3, 2-3 race 1 and 2-3
race 2 (Fig. 3A). One cDNA of 350 bp was synthesized by a
second nested PCR (Fig. 3B) and sequenced. Again, approx-
imately 90% of clones displayed the same sequence, with the 5′06 genes. (A) Restriction map 9.8 kbp SalI fragment digested by BsteII and PstI
ed in RT-PCR experiments (letters a–d). (B) Detection and sizing of RT-PCR
.8 kbp SalI fragment with PstI and BsteII enzymes. (D) Autoradiography after
l mtRNA. The two asterisks in panels A indicate the subfragments which give
Table 1
List of primers used in 5′ RACE and RT-PCR experiments
Name Sequence 5′–3′ Name Sequence (5′–3′) Segment
2-3 N TTGACGAAGACTTCCGAACT K3 TGGGTATAGCAGGACTTGAAC a Fig. 1
2-5 N GAGTCGTCTCATTTCCTTAC 2-3 R AGTTCGGAAGTCTTCGTCAA b Fig. 1
2-6 N CAATCGAATCGAGGGTCCGG 2-5 R GTAAGGAAATGAGACGACTC c Fig. 1
2-8 N CTGTCATCGATCACTGCTGG 2-6 R CCGGACCCTCGATTCGATTG d Fig. 1
2-3 race 1 GAAAGAGCTTCCGTAAGAAC 5′ RACE Fig. 3
2-3 race 2 CAGGCGGTTAGCTTCTGCTA 5′ RACE Fig. 3
2-6 race 1 AAGGTTGAGCCGGGTATGTA 5′ RACE Fig. 2
2-6 race 2 CGGTCTTGCAGCTATTTCAA 5′ RACE Fig. 2
1-2 N GTTCGATCATTGACAAGGTTC K3 TGGGTATAGCAGGACTTGAAC a Fig. 4
1-5 N CAGAGCTAACCCCTGTCCAG 1-2 R GAACCTTGTCAATGATCGAAC b Fig. 4
1-6 N GTCTAAATAGGGAGTTATAA 1-5 R CTGGACACCCCAATCGAGAC c Fig. 4
1-8 N GATATATAATCCAACTCGAG 1-6 R TTATAACTCCCTATTTAGAC d Fig. 4
1-9 N AGTGCAGGAAAGCGCTCTCT 1-8 R CTCGACTTGGATTATATATC e Fig. 4
1-10 N AAACCGCCTGGAAGTCCGAG 1-9 R AGAGAGCGCTTTCCTGCACT f Fig. 4
1-11 N GGATACGAAATCACCGGTG 1-10 R CTCGGACTTCCAGGCGGTTT g Fig. 4
Y5 AGGGGAGAGTGGCCGAGTGGTTA 1-11 R CACCGGTGATTTCGTATCC h Fig. 4
1-10 race 1 TCTTTTGGGCAGCTGTTCAC 5′ RACE Fig. 5
1-10 race 2 GTTGGATCTCGCCAATACA 5′ RACE Fig. 5
1-11 race 1 AAAATCTTGGCTAATTGATC 5′ RACE Fig. 5
1-11 race 2 AGTGGGTAGCTCCAGTAGAC 5′ RACE Fig. 5
1-4 R AGGTTTGGAACCCTGTAGAG
1-7 R TTAGTAGTGATTGAATTCCTT
2-2 R GAATCTATATCTGTGCACGG
2-7 R GTTACTGGTTGAGCCACTGG
2-9 R GATTTGATCGGCATTTCGTGC
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trnK2 gene which should correspond to the first nucleotide of
the primary transcript containing the tRNALys.
This analysis shows the existence of a precursor starting
1944 bp upstream from the gene and terminating somewhere
downstream of the 3′ terminus of the trnK2 gene.Fig. 2. 5′ RACE analysis of mitochondrial sunflower ccb206 transcripts. (A) The p
synthesis using primer 2-6. Primers 2-6 race 1 and 2-6 race 2 were used in a first an
experiment were separated on agarose gel. The specific product corresponding to the p
sequence of the 5′ termini and the adjacent regions upstream of the sunflower mitoch
and primers are underlined. M, marker Gene ruler 100 bp DNA ladder.For further controls the regions included between the SalI-
1/PstI-1 sites and the BsteII-2/trnK2 gene (Fig. 1) were
explored using primers (2-9, 2-10, k3 and 2-2, see Table 1)
employed as initiation of first strand synthesis in 5′ RACE
experiments. In no cases were amplification products
obtained.rimary transcript 5′ end of the ccb206 gene was detected by first-strand cDNA
d a second nested PCR, respectively. (B) Products obtained in the second PCR
rimary transcript 5′ end of the ccb206 gene is indicated by arrow. (C) Nucleotide
ondrial ccb206 gene. The ccb206 sequence and the TIS are in bold; BsteII-1 site
Fig. 3. 5′ RACE analysis of mitochondrial sunflower trnK2 transcripts. (A) The primary transcript 5′ end of the trnK2 gene was detected by first-strand cDNA
synthesis using primer 2-3. Primers 2-3 race 1 and 2-3 race 2 were used in a first and a second nested PCR respectively. (B) Products obtained in the second PCR
experiment were separated on agarose gel. The specific product corresponding to the primary transcript 5′ end of the ccb206 gene is indicated by arrow. (C) Nucleotide
sequence of the 3′ termini and the adjacent regions downstream of the sunflower mitochondrial ccb206 gene. The ccb206 sequence and the TIS are in bold; BsteII-2
site and primers are underlined. M, marker Gene ruler 100 bp DNA ladder.
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exons c, d, and e and the trnK1 gene
The 12.8 kb SalI fragment of sunflower mtDNA encodes five
genes: trnC, trnN, trnY, nad2 (exons c, d and e) and trnK1. Fig.
4A shows its restriction map obtained by digestion with the
EcoRI and XhoI endonucleases. The partial sequence of this
fragment containing all genes is available in the EMBL databaseFig. 4. RT-PCR and RNA capping analysis of the nad2 (exons c, d and e)-trnK2 clus
fragment. Horizontal arrows (→
←) indicate the position of overlapping primers. (B) Aga
2/X-4, X-4/E-3 and E-3/SalI-2 amplified fragments. (D) Autoradiography after hy
mitochondrial RNA followed by RNase treatment. The asterisk indicates the fragment
TISs described in a previous paper [29] and mentioned in Section 4. M, marker Geunder accession number AM183221. The transcription analysis
of the region starting from the SalI-1 site and ending at the 3′
terminus of the trnY gene has been described in a previous paper
[29].
The transcriptional analysis of the region starting from the 5′
terminus of the trnY gene and ending at the 3′ terminus of the
trnK1 was carried out again by RT-PCR experiments using
overlapping primers. The results of these experiments suggestter of sunflower mtDNA. (A) EcoRI×XhoI restriction map of the 12.8 kbp SalI
rose gel electrophoresis of RT-PCR products. (C) Run onto agarose gel of the E-
bridization between a blot of gel described in panel C, and 32P capped total
which generates an autoradiography signal. Symbols■ and▾ correspond to the
ne ruler 1 kbp DNA ladder.
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molecule (Fig. 4A–B).
3.6. In vitro RNA capping experiments within the DNA region
between the trnY and trnK1 genes.
In order to detect possible TISs within the region included
between E-2 and SalI-2 restriction sites, segments E-2/X-4;
X-4/E-3 and E-3/SalI-2 were amplified using suitable primers
and the 12.8 kb SalI fragment as template. After their
fractionation on 1% agarose gel (Fig. 4C) they were blotted
onto Hybond N+ membrane ad the filter hybridized with
capped total mitochondrial RNA prior to ribonuclease
digestion. The final exposure produced only one signal
originating from the 2400 bp restriction sub-fragment (Fig.
4D), indicating the presence within its protected sequence of
at least one transcription initiation site. No signals were
generated by the other two amplified fragments about 4100
and 1300 bp, respectively.
3.7. 5′ RACE analysis of transcripts containing nad2 exons c, d
and e and the trnK1 gene
The absence of TIS in the 5′ flanking region of trnK1 as well
as in the 5′ flanking regions of nad2 exons d and e was
confirmed by 5′ RACE analysis (see Section 3.6). These
experiments were carried out using primers (k3, 1-2, 1-4, 1-6, 1-
7, 1-8 and 1-9) annealing with the region located between the 3′
end of trnK1 and primer 1-9 (Fig. 4A). The first 5′ end ofFig. 5. 5′ RACE analysis of transcripts containing sequences of cluster nad2 (exons
Horizontal arrows (←) indicate the position of the primers used in two different 5′ R
specific products corresponding to the same primary transcript 5′ end of the cluster ar
upstream regions of the sunflower mitochondrial nad2 (exon c) gene. The nad2 (exon
Gene ruler 100 bp DNA ladder.transcript was detected 50 bp upstream of exon c using primer
1-10 or 1-11 (Fig. 5A).
In the 5′ RACE assay with primers 1-10, 1-10 race 1 and 1-
10 race 2 the first strand of cDNAwas synthesized and, by using
a first and a second nested PCR, one cDNA of 770 bp was
detected (Fig. 5B). The 5′ ends of the cDNA sequences of 48
out of 50 clones obtained, mapped to the same position (50 bp)
with respect to the 5′ terminus of exon c. This result was
confirmed by a 5′RACE assay using the primers 1-11, 1-11 race
1 and 1-11 race 2. This assay generated one cDNA of 120 bp
(Fig. 5B) which was cloned and sequenced. For 47 out of the 50
sequences analysed the same 5′ end and the same distance of
50 bp from the 5′ side of exon c was found, as observed with
primer 1-10 race 2.
Taken together the results obtained by 5′ RACE assays are in
agreement with the results detected using capping assay, which
indicated the presence of at least one transcription initiation site
inside the 2406 bp restriction subfragment of the 12.8 kb SalI
fragment (Fig. 4D).
This analysis suggests that the TIS identified 50 bp upstream
of nad2 exon c is part of a promoter activating the
cotranscription of nad2 exons c, d and e and the trnK1 gene.
4. Discussion
Criteria similar to those proposed in [29] were chosen in
order to detect and to compare the structure of each promoter for
the genes or gene cluster described in this paper, (Fig. 6).
Briefly, the dimension of each promoter was evaluated in ac, d and e) and trnK1 of sunflower mtDNA. (A) EcoRI-2/XbaI-4 sub-fragment.
ACE experiments. (B) Separation of 5′ RACE products onto agarose gel. Two
e indicated by arrows. (C) Nucleotide sequence of the 5′ termini and the adjacent
c) gene sequences and the TIS are in bold; primers are in underlined. M, marker
Fig. 6. Synopsis of mtDNA regions containing putative promoters identified for the genes (or the cluster) indicated. Stretches having of a length of 75 bp, part of the
region containing the TISs detected in this paper, were aligned with respect to each of them. Tetranucleotide motifs are in bold and italics; TISs are in bold; polyA/Tand
polyA/G motifs are underlined, with continuous and dotted lines respectively; “25 bp windows” are boxed.
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defined as a “25 bp window”, either on the TISs or on the
tetranucleotide motifs., it is possible to emphasise the position
of two possible forms of promoter for each gene. Among the
three promoters characterized in this paper only the P1 promoter
shows two different structures. When the CRTA (R=A or G)
motif is chosen as the centre of the “25 bp window” the
promoter includes the TIS (G) and part of an 8 bp polyA/G
sequence. The second alternative implies that the “25 bp
window” could be centred on the TIS. In this case the promoter
includes all of the polyA/G sequence and the tetranucleotide
motif. A poly A/T sequence, which is located about 60 bp
upstream of the CRTA motif, is not included in the two possible
forms of P1 promoter. The same analysis, applied to promoters
P2 and P3, gives two undistinguishable pair of promoters. This
second criterion was chosen in the previous investigation [29],
and therefore it has also been used for the further comparative
analysis described below.
The P2 promoter contains an 11 bp polyA/G stretch and the
AATA motif whereas the only possible polyA/T sequence
(13 bp) is outside the promoter on its 5′ side. The last promoter
P3 conforms to a standard consensus sequence of motifs
(polyA/T-CRTA-polypurine) that was proposed by the compi-
lation analysis of plant mitochondrial promoter sequences [25],
even if it exhibits the TATA motif instead of the CRTA
tetranucleotide.
The results obtained from studying the transcription of the
trnK1 gene makes it difficult a direct comparison between P3
and P1 promoters, for the following reasons. The position of
promoter P1 (Fig. 4A) suggests that the transcription of trnC,
trnN, trnY, nad2 (c, d, e exons) and trnK1 implies the
existence of multiple overlapping transcripts. Indeed, the
experiments described in Fig. 4 suggest that the transcript
starting from promoter P1 can overlap with a transcript
generated at a TIS located upstream of the trnN gene (symbol
▾, Fig. 4A). Furthermore, it has been demonstrated [29] that
this last transcript in turn overlaps with another transcript
starting from the promoter located on the 5′ side of the trnC
gene (symbol ■, Fig. 4A). A similar situation has been
observed in potato mitochondria in which one TIS is
responsible for the co-transcription of trnN1, trnY and nad2
(c, d, e exons) generating a primary transcript of at least
7.0 kb. At the same time a second TIS located 58 bp
downstream from trnY is responsible for the transcription of
at least the three exons of the nad2 gene [16]. Based on theseconsiderations it is impossible to establish in how many of
these transcripts the tRNALys sequence is present.
Even though the considerations described above make a
direct comparison between the P3 and P1 promoters difficult,
the detection and characterization of three other promoters on
the same genome makes it possible to extend the comparison,
within the same genome, of promoters for the native and cp-
like genes already described [29]. This comprehensive
analysis confirms the differences between promoter structures
of native genes (nad9, trnC and trnE [29], trnK1, ccb206 and
trnK2) with respect to those of cp-like genes (trnN, trnH and
trnMe [29]). The different structures of the three promoters
described in this paper are also in agreement with the
variability of promoter organization already proposed. For the
two trnK genes in particular, their location within two 12 kb
repeats suggests a possible extension of the original
hypothesis postulated to explain this variability. The 12 kb
repeats were most probably generated by a duplication event.
This event certainly led to the transcription activation of the
two genes at different times. Different activation times for the
genes coded on a higher plant mitochondrial genome bring to
mind the different times related to the insertion of fragments
carrying tRNA genes of chloroplast origin in mtDNA.
According to this hypothesis the differences between
promoter structures described for native and cp-like genes
“could be correlated to the length of time a gene has belonged
to the genome” [29]. The detection and characterization of the
promoters which activated the transcription of two identical
native tRNA genes at different times suggests a possible
extension of the original hypothesis to a new formulation,
including the following addition: “and (the differences could)
also (be correlated) to the location of a gene in a new position
within the genome”. It is important to stress that the new
formulation, also includes the possibility that the new position
on the genome could have resulted from following recombi-
nation events at the level of the 12 kb repeats where trnK1
and trnK2 are located.
The recent detection of a relevant number of new promoters
on the mitochondrial genomes of two dicot species ([14,29] and
this paper) makes it possible to formulate other interesting
proposals about the variability of their structures. The CRTA
motif is present in a high number of promoters belonging to
dicot genomes as are as other motifs such as RRTA, TATA and
ATTA. Based on these observations, the mitochondrial
promoters for monocot and dicot plant species currently show
Table 2
List of dicot mitochondrial promoter regions and their 5′ sides. The cp-like tRNA genes are in bold
Plant species Gene TIS position Sequence Motif References
H.a. trnE −62 CGTA…1 bp…AGAAAGAAAACGAA AGAA [29]
H.a. trnK2 −1944 TATA…4 bp…AGAGAG [29]
H.a. nad2-K1 −50 CGTA…1 bp…GGTAACGAGGGGGG [29]
H.a. ccb206 −280 AATA…4 bp…GGGAAGAAAGAG AGAA [29]
H.a. trnC-N-Y −2340 CATA…3 bp…AGAAAGGGGGAGAGA AGAA [29]
H.a. nad9-P-W −1452 CGTA…3 bp…GAAAGAAAACGAATCAGAA AGAA [29]
H.a. trnH −1547 AGTA…5 bp…GAGACGGAG [29]
A.t. rrn18 −69 AATA…0 bp…AGAGAAGAAAGG AGAA [14]
A.t. rrn18 −156 CGTA…3 bp…AATCAGAAGG…6 bp…AGAGGAGTGA AGAA [14]
A.t. rrn18 −353 TATA…1 bp…AAAATGAAAAGAAAG AGAA [14]
A.t. rrn18 −424 GGTA…3 bp…AAAGAGAAAG AGAA [14]
A.t. atp8 −157 CATA…0 bp…AGAGAAGAAA AGAA [14]
A.t. atp8 −228 CATA…3 bp…AGAATCGA AGAA [14]
A.t. atp8 −710 AATA…0 bp…AGCTAATCCGTTCCCAGTGAGCTATTA [14]
A.t. atp8 −999 AATA…0 bp…AAGAGCAAAAA [14]
A.t. atp9 −295 CGTA…3 bp…AAGAGAAGGGCAG AGAA [14]
A.t. atp9 −239 CATA…0 bp…AGAGAAGACGAAGACGGA AGAA [14]
A.t. atp9 −487 GGTA…3 bp…GATACAAG…6 bp…AAAGGAAAGAATG AGAA [14]
A.t. atp9 −652 AGTA…3 bp…AGGAGCAGG [14]
A.t. atp1 −1898 CATA…3 bp…AGAGAAGAAAGA AGAA [14]
A.t. atp1 −1947 CGTA…3 bp…AAGAGAGAG [14]
A.t. coxII −210 CGTA…3 bp…AAGAAGAC AGAA [14]
A.t. coxII −481 ATTA…0 bp…GATAATAGAGTGGA [14]
A.t. coxII −683 CGTA…0 bp…AGGTAAAATAAGAA AGAA [14]
A.t. trnfMe −98 CGTA…0 bp…AGAGAAGAAGGTTGACAAGAAGAATAA AGAA [14]
A.t. trnfMe −574 TATA…0 bp…AAAAAGACCGGGAAAACGTGAA [14]
A.t. rrn26 −893 CATA…0 bp…AGAGAAGAAAGA AGAA [14]
A.t. coxI −355 ATTA…0 bp…TATAATAATAATTATGTT [14]
A.t. rps3 −1053 GGTA…0 bp…GGTAACATCGCCGAAGCCTATCATCT [14]
A.t. rps3 −1133 ATTA…7 bp…GTAGATGAGTGAGTGAG [14]
A.t. atp6-1 −156 CATA…0 bp…AGAGAAGAAA AGAA [14]
A.t. atp6-1 −200 CGTA…3 bp…AAGAAGAGGA AGAA [14]
A.t. atp6-1 −916 ATTA…0 bp…TATAATAAAGCGCGCTCC [14]
A.t. orf291 −307 CGTA…0 bp…TATAACAGA [14]
A.t. atp6-2 −148 CATA…0 bp…AGAGAAGAAA AGAA [14]
A.t. atp6-2 −436 AGTA…3 bp…AGAAAAGAAG AGAA [14]
A.t. atp6-2 −507 AGTA…0 bp…AGTAATAAGAATGAAAAGTATGG AGAA [14]
G.m. atp9 −521 CGTA…0 bp…AGAGAAGAAAGTAGTAGCAAG AGAA [25]
G.m. rna a −526 CGTA…0 bp…AGAGAAGAAAGTAGAAAGTAGAAAG AGAA [25]
G.m. rna b/c CATA…0 bp…AGAGAAGAAAG AGAA [25]
O.b. trnF −292 CATA…0 bp…AGAGAGAGAAG AGAA [25]
O.b. coxII −207 CGTA…1 bp…GAGAATCAAAAGAA AGAA [25]
O.b. atpA −209 CATA…0 bp…AGAGAAGCAGAAAG AGAA [25]
O.b. rrn18 −125 CATA…0 bp…AGTGATGTTCGAAA [25]
O.b. coxI −1473 CGTA…0 bp…AGTGAGGGTGGAGG [25]
O.b. coxIII −337 CGTA…0 bp…AGTGAGGGTGGAGG [25]
S.t. rrn18 −69 CATA…0 bp…AGAGAAGAAAAG AGAA [25]
S.t. trnN1 −2087 CATA…5 bp…AGGGTAGGAGG [25]
S.t. trnN2 −135 ATTA…0 bp…GGGTAGGCGA [25]
S.t. trnS −306 AATA…0 bp…GAAGAGGCAGAG [25]
S.t. nad2 −454 CGTA…0 bp…GGAAGG….6 bp…GAGCGAAG [25]
S.t. rrn26 1 GGTA…1 bp…AAGATCGAAAAGAATGCA AGAA [25]
P.s. atp9 −1048 CATA…0 bp…AGAGAAGATATTGA AGAA [25]
P.s. rrn18 −462 CGTA…0 bp…GGTGATATCCGAAACCGC [25]
N.s. orf87 −213 CATA…0 bp…AGAGAAGAAAAGCAAG AGAA [25]
H.a. trnN −586 TCCAACTCAAGCACG AAATCAATGTTGAGTC [29]
H.a. trnMe −2565 CAGAGTCAATAGCTT CGATATATTGTA [29]
H.a. trnMe −2600 TTTTTATGAAAGCAG CTAATTGAAGACTCA [29]
H.a. trnMe −2619 TTTTTGTTCATTCCG ATACTTTTTATGAAAG [29]
G.m. rna e TTTGTTTGGATTGATC GAGTGTACTTTTTCT [25]
S.t. atp9 −128 AAGTCTACCGCCTGT CTAGCCTATGCTTTG [25]
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to monocot species [23,25].
In our opinion this similarity can be attributed to a still
incomplete separation of the two angiosperm classes. However,
they are also under the effects of divergent evolution as proposed
by J. Fey [25]. One example supporting this hypothesis comes
from the analysis of all the mitochondrial promoters of dicot
plants currently available (Table 2). Considering some of their
specific features, about 85% of them show the presence of an A/
G stretch varying in length downstream of a tetranucleotide core.
Furthermore, downstream of tetranucleotides in 50% of the
cases there is an AGAA motif present.
In monocot mitochondrial promoter regions the poly A/G
stretch and the AGAA tetranucleotide are present at signifi-
cantly lower values (40% and 15%, respectively) [25] .
The feature concerning the location of the polyA/G stretch
close to dicot mitochondrial promoters could suggest that a kind
of rearrangement has occurred leading to the creation of a
promoter structure having specific features of efficiency and
versatility.
Despite the structure of more than one hundred plant
mitochondrial promoters being known, it is clear at this point
that comparing them will never provide satisfactory answers to
the identification of a standard structure, even if it really exists.
More informative results might only be obtained from direct
studies of their architecture and efficiency.
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